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BEHAVIOR OF REINFORCED CONCRETE BEAMS CONTAINING LIGHTWEIGHT
AGGREGATE IN THE TENSILE ZONE
Abstract
In reinforced concrete design, the concrete in the tensile zone is assumed to be ineffective and increase the
dead load of the structural elements. In order to reduce the self-weight, this paper examines the structural
behavior of reinforced concrete beams containing lightweight concrete in the tensile region and normal
weight concrete in the rest of the beam. The lightweight concrete was made from waste polystyrene. Four
reinforced concrete beams were prepared with different depth of lightweight concrete. The control beam
B1 consists of normal concrete. In Beams B2, B3 and B4, the depth of lightweight concrete was 25%,
50% and 75% of the total depth of the beam measured from the bottom surface respectively. A four-point
bending test was conducted on all beams. The beams were loaded in increments until failure. At each load
increment, the central deflection was determined. Cracks initiation and the mode of failure were observed
during the experiment. The failure load was found to decreases with the increase of depth of lightweight
concrete. The presence of lightweight aggregate tends to cause brittle failure. In addition, the mode of
failure for reinforced concrete beams containing lightweight concrete was a shear failure.
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1. INTRODUCTION
Using waste material in construction applications is likely to contribute towards sustainable
development. waste materials include municipal solid waste incineration ash (Khatib et al. 2019a,
Charbaji et al. 2018a, Charbaji et al. 2018b, Machaka et al. 2019, Baalbaki et al. 2019). The
incorporation of lightweight aggregate in concrete is beneficial, as it would lead to reduction the
self-weight, thus leading to lower ratio of reinforcement and material saving (Saad et al. 2019).
Minapu et al. (2014) has examined the partial replacement of natural coarse aggregate with
lightweight aggregate in concrete. The lightweight aggregate used was pumice stone. The strength
properties (compressive, tensile and flexural) of concrete made with pumice stone was not
dissimilar to that made with natural aggregate.
Tang Van et al. (2018) studied the effect of using expanded polystyrene aggregate (EPS)
and bottom ash (BA) as partial replacement of coarse aggregate and fine aggregates on concrete
properties. The BA and EPS contents ranged from 0-30% and 0-40% respectively. Generally,
there is a systematic decrease in compressive strength with the increase of either BA or EPS.
Concrete containing 40% EPS and 30% BA replacement caused a reduction of 25% compared
with the control mix.
Kumar & Prakash (2015) used cinder and Leca aggregates to produce structural lightweight
concrete. The coarse aggregate replacement ranged from 0 to 50% by volume. It was found that
replacing 60% Cinder and 40% Leca aggregate produced a lightweight concrete with a
compressive strength of about 29 N/mm2 and a splitting tensile strength of 1.67 N/mm2. Replacing
20% of cement with Ground Granulated Blast Furnace Slag (GGBFS) was found to increase the
concrete compressive strength to 30.7 N/mm2.
The present investigation attempts to study the structural behavior of reinforced concrete
beams on layer of lightweight concrete in the tensile region and normal concrete in the rest of the
beams. Future research will investigate the behavior of reinforced concrete beams and slabs using
both lightweight and normal weight concrete subjected to impact (Jahami et al. 2018, Jahami et
al. 2019, Jahami et al. 2020, Khatib et al. 2019a, Khatib et al. 2019b)

2. EXPERIMENTAL WORK
2.1 Mix design
Two mixes were prepared for this investigation. The first mix had a proportion of 1
(cement): 2 (fine aggregate): 4 (coarse aggregate) by weight. In the second mix, the waste
polystyrene aggregate (WPA) replaced all the coarse aggregate (by volume). The maximum
coarse aggregate and fine aggregate size were 20mm and 5mm respectively. The cement used
was CEM1. The waste polystyrene was obtained from old packaging as shown in Figure 1
and crushed to produce lightweight coarse aggregate. The density of polystyrene was found
to be 0.96 g/cm3. The water to cement (W/C) ratio for all concrete mixes was 0.6. This high
W/C ratio was adopted to avoid using any chemical admixture. These proportions of materials
were chosen based on several trials to achieve a workable mix without the use of
superplasticizer. Table 1 presents further details of the concrete mixes.
Table 1: Details of concrete mixes
Quantities per cubic meter (Kg/m3)
Mix

Mix Code

Cement

Water

Sand

Gravel

Waste Polystyrene Aggregate (WPA)

Mix 1

NWC

450

225

743

1543

0.0

Mix 2

LWC

450

225

743

0

14.3
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Fig.1: Crushed waste polystyrene particles (5mm diameter)

2.2 Reinforced Concrete Beam Details
The beams had overall dimensions of 200mm x 300mm x 1500mm. Figure 2 shows
the beam dimensions and reinforcement details. Four beams were cast in this study based on
ASTM C31 standards. The first beam (B1) was cast using normal weight aggregate only. In
the other 3 beams, lightweight concrete (LWC) was first cast and the depth of the LWC was
25%, 50% and 75% of the total depth for beams B2, B3, and B4 respectively. All beams had
the same flexural and shear reinforcement: 3T10mm as bottom steel, 2T8mm as top steel,
and T6mm@50mm as shear reinforcement (links). The spacing between links was chosen so
that the beams tend to fail in shear. Details of the depth of the normal and lightweight concrete
in the four beams are shown in Figure 3.
After calculating the quantity of materials (i.e. cement, aggregate, sand, and water) per
mix, the materials were weighed. Timber molds were used to cast the concrete specimens
(i.e. cubes and beams). The molds were cleaned and oiled before casting. For the compressive
strength test, cubes of dimensions 100mmx 100mm x 100mm were used. For the Modulus of
Elasticity (E) cylinders with a diameter of 100mm and a length of 200mm were cast. For the
structural performance, beams of 200mm x 300mm x 1200mm were used. The dry materials
were introduced to the mixer in the following sequence; coarse aggregates, fine aggregate
and cement. They were initially mixed for two minutes, then water was added slowly and
mixing continued until a homogenous mix was obtained. Before casting, the slump for each
mix was measured.

Fig.2: Beams details
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(a): Beam B1

(b): Beam B2

(c): Beam B3

(d): Beam B4

Fig.3: Depth of lightweight concrete in the beams (mm)

The casting of cubes was carried out in two layers. Each layer is compacted in order to
remove entrapped air. The slump test was determined and was found to be 12 mm and 15 mm
for NWC and LWC respectively. For each mix, 9 cubes, 3 cylinders, and 4 beams were cast.
After casting, the cubes and cylinders were placed in a water tank, while the beams are
covered with wet burlap and remained in the lab until testing.

2.3 Testing
The compressive strength and the modulus of elasticity tests were conducted according
to (BS EN 12350-1:2000) and (BS EN 12390-13:2013) respectively. The four-point bending
was used to assess the behavior of the reinforced concrete beams as shown in Figure 4. The
beam was tested at 5kN increment until yielding started and the central deflection measured.
The load at first crack was recorded. The loading continued until failure. The propagation of
cracks was observed throughout the duration of the test.
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Fig.4: Longitudinal section of the beam with
supports and loads (dimensions in mm)

3. RESULTS AND DISCUSSION
The density of the normal and lightweight concrete mix is shown in Figure 5. The density
of NWC and LWC was 2416 and 1188 kg/m3 respectively, indicating a reduction of 50% when
LWC is used compared with NWC. The compressive strength and modulus of elasticity for the
NWC and LWC are respectively shown in Figures 6 and 7 respectively for concrete cured for 1,
7, and 28 days. Using light weight aggregate caused a drastic reduction in both compressive
strength and modulus of elasticity. A reduction of 88% and 77% is obtained at the age of 28 days
of curing for compressive strength and modulus of elasticity respectively.
Compressive strength (MPa)
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Fig.5: Density for NWC and LWC

Fig.6: Compressive Strength for NWC and LWC
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Fig.7: Modulus of Elasticity for NWC and LWC

The load-deflection curves for all reinforced concrete beams are plotted in Figure 8. The
failure load for beams with LWC was lower than the beam with NWC. In addition, beams with
lightweight concrete failed in brittle mode. This is due to the large difference in both compressive
strength and modulus of elasticity between NWC and LWC. The maximum load capacity (Pmax)
for beams B1, B2, B3, and B4 was 370KN, 122KN, 110KN, and 109KN respectively. This
indicates that the failure load for the control beam is more than 3 times that of the other beams.
The difference in the failure load for the beams with LWC is negligible. Based on the ACI code
formula, the shear stress “τ” can be determined using Equation 1 as follows:
Eq.(1)

https://digitalcommons.bau.edu.lb/stjournal/vol1/iss2/3
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Where “τ” is in MPa, “Pmax” is in N, “b” and “d” are the width (200 mm) and the effective
depth (270 mm) of the beam. Based on Equation 1 the shear stress capacity for each beam is
illustrated in Table 2.
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Fig.8: Load-Deflection curve for all beams

Table 2: Shear stress capacity for each beam
𝜏 (MPa)

Beam

LWC*

Pmax (kN)

B1

0

370

3.36

B2

25

122

1.1

B3

50

110

1

B4

75

109

0.99

*Percentage of total depth measured from the bottom of the beam.

Figures 9 to 12 show the damage pattern for all beams. All beams failed in shear indicated by
the diagonal cracks. This can be realized from the inclined crack patterns that were extended from
the bottom supports until the top of the beam near the points of the applied load. Wider cracks
were observed for beams (B3) and (B4) especially near the supports. There were clear cracks
between the end supports and the point of application of the load.
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Fig.9: Beam (B1) at failure

Fig.10: Beam (B2) at failure

Fig.11: Beam (B3) at failure

Fig.12: Beam (B4) at failure

4. CONCLUSIONS
The following conclusions are based on the results of the current investigation:
1) The failure load in reinforced concrete beams tends to drastically decrease when part of the
beam contains lightweight concrete.
2) The beams containing LWC had a small shear capacity compared to the beam with NWC.
This reduction was about 70% for beam (B4) containing lightweight concrete only compared
to the control beam (B1).
3) Using lightweight concrete portions in reinforced concrete beams tends to exhibit a brittle
behavior.
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